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Abstract: G protein-coupled receptors (GPCRs) are key mediators of cellular signaling, governing fundamental 
physiological and pathophysiological processes. This central role establishes them as prominent drug targets for a 
wide range of diseases. The concept of GPCR biased signaling was initially defined by the receptor’s ability to 
differentially engage G proteins versus β-arrestins. Research has since broadened this paradigm to reveal diverse 
mechanisms, including preferential coupling to specific Gα subtypes, spatially segregated signaling, regulation by 
post-translational modifications (e.g., phosphorylation), and distinct outputs from receptor oligomers. Together, 
these findings illuminate the complex signaling repertoire of GPCRs. Leveraging biased signaling to activate 
beneficial pathways, therefore offers a compelling path toward therapeutics with enhanced efficacy and reduced 
adverse effects. This review explores the evolution of GPCR biased signaling concepts and evaluates the current 
pipeline of investigational and approved drugs emerging from this paradigm. 
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1. Introduction 

G protein-coupled receptors (GPCRs), also known as 7-transmembrane receptors (7TMRs), constitute the 
largest and most diverse superfamily of human proteins. Encompassing over 800 members, they orchestrate a vast 
array of cellular and physiological processes. GPCRs detect extracellular stimuli—such as light, ions, hormones, and 
neurotransmitters—and transduce these signals via intracellular second messengers, including cAMP and cGMP [1]. 
Early models posited that GPCR signaling occurred exclusively through G protein-dependent pathways. However, 
the discovery of β-arrestin-mediated signaling fundamentally upended this paradigm. Subsequent findings revealed 
that certain ligands selectively activate either G protein or β-arrestin pathways at specific GPCRs, resulting in distinct 
functional outcomes [2]. This discovery gave rise to the concept of “biased signaling”, defined as the ligand-directed 
activation of divergent signaling cascades that elicit distinct biological responses [3]. 

Recent advances have uncovered a spectrum of novel bias models, while classical concepts of biased 
signaling based on G protein or β-arrestin selectivity is now recognized as limited [4,5]. These include Gα subtype 
bias (selective activation of specific Gα protein subtypes), spatial bias (compartmentalized signaling in distinct 
subcellular locations), receptor post-translational modification bias, and oligomerization bias (signaling based on 
receptor assembly states). This expanded understanding of GPCR signaling has profound potential implications 
for the development of novel therapeutics in precision medicine [6]. Notably, although approximately one-third of 
clinically used drugs act by targeting GPCRs, the majority of them lack “biased signaling” characteristics. This 
review briefly summarizes the latest conceptual advancements in GPCR biased signaling. By harnessing the ligand 
selectivity toward these biased signaling cascades, GPCR pharmacology holds promise for developing more 
precise therapies that maximize efficacy while minimizing side effects. 
   

https://crossmark.crossref.org/dialog/?doi=10.53941/ijddp.2026.100011&domain=pdf


IJDDP 2026, 5(2), 100011 https://doi.org/10.53941/ijddp.2026.100011  

2 of 14 

2. β-Arrestin Biased Signaling 

GPCRs share a conserved structural architecture: seven transmembrane helices (TM1–TM7) are connected 
by three extracellular loops (ECLs) and three intracellular loops (ICLs), and terminate in an intracellular C-
terminal tail [7]. Upon agonist binding, GPCRs typically recruit G protein-coupled receptor kinases (GRKs), which 
phosphorylate specific serine and threonine residues primarily on the receptor’s C-terminal tail or third 
intracellular loop (ICL3) [8]. This phosphorylation creates high-affinity binding sites for β-arrestins. The recruited 
β-arrestins not only sterically hinder G protein coupling, thereby inducing receptor desensitization, but also initiate 
receptor internalization [9]. Consequently, β-arrestins (β-arrestin-1 and β-arrestin-2) were initially characterized 
as mediators of GPCR desensitization [10]. However, they are now recognized as bona fide adaptor proteins that 
relay signals to diverse downstream effectors, supporting more complex regulatory functions. Notably, G protein 
pathways and the β-arrestin-mediated signaling pathways are often spatially and temporally segregated, allowing 
them to mediate distinct physiological and pathophysiological outcomes [11] (Figure 1A). The angiotensin II type 
1 receptor (AT1R) exemplifies this concept. In AT1R signaling, G protein signaling drives potent vasoconstriction 
and elevates blood pressure [12]. Conversely, β-arrestin-biased signaling can elicit potentially beneficial 
responses, such as anti-apoptotic effects [13]. Therefore, developing biased ligands for AT1R, which are capable 
of selectively engaging either G protein- or β-arrestin-mediated signaling, holds therapeutic promise by 
preferentially promoting beneficial responses while mitigating detrimental effects tied to receptor activation [14]. 
A key example is the endogenous heptapeptide angiotensin-(1-7) (Ang-1-7), a naturally occurring β-arrestin-
biased ligand for AT1R. Unlike the canonical agonist Ang II, Ang-1-7 binds AT1R without activating G protein-
mediated pathways linked to hypertension and cardiac hypertrophy. Instead, it selectively triggers cardioprotective 
β-arrestin signaling [15,16]. 

 

Figure 1. Models of GPCR biased signaling and their mechanisms. (A) Conformational selection directs signaling 
bias: Selective coupling to either G protein or β-arrestin dependent signaling pathways is governed by receptor 
conformational state, resulting in differential downstream cellular responses. (B) Spatial compartmentalization 
mediates signaling bias: Accessibility of ligand to receptors at subcellular locations (e.g., endosomes, mitochondria, 
endoplasmic reticulum, Golgi apparatus, and nuclear envelope), enabling spatiotemporal regulation. (C) Post-
translational modifications define signaling bias: Receptor-specific covalent modifications (palmitoylation, 
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glycosylation, ubiquitination and phosphorylation) remodel intracellular domains to create unique transducer 
interfaces for G proteins or β-arrestin. (D) Oligomerization enforces signaling bias: Homo or heterodimerization of 
GPCRs allow for signaling crosstalk and pathway bias (e.g., Gαi protein coupling). 

Emerging evidence now challenges the classical paradigm of mutually exclusive G protein and β-arrestin 
signaling, revealing greater functional diversity for β-arrestin. A notable example comes from the vasopressin type 
2 receptor (V2R), which can form stable “super-complexes” (or “megaplexes”) comprising a single receptor 
simultaneously bound to both a G protein and a β-arrestin [17]. Cryo-EM structural analyses and functional studies 
show that within these complexes, the G protein engages the receptor’s intracellular core, while β-arrestin binds 
the phosphorylated C-terminal tail, with all three components maintaining their canonically active conformations 
[18]. These super-complexes specifically facilitate sustained G protein signaling from endosomal compartments, 
thereby enabling prolonged cellular responses. As the progress in β-arrestin-biased signaling has been thoroughly 
summarized in several recent reviews [19–22], we will not elaborate on this aspect in the present discussion. 

3. Gα Subtype Biased Signaling 

Heterotrimeric G protein complexes, which consist of Gα, Gβ, and Gγ subunits, are categorized into major 
families according to their sequence homology and downstream effector specificity. These include the Gαs/olf, 
Gαi/o/z/t, Gαq/11, and Gα12/13 subfamilies. Gαs stimulates adenylyl cyclase (AC) to elevate cAMP levels and 
activate protein kinase A (PKA) signaling, whereas Gαi inhibits AC, establishing bidirectional control over this 
pathway [19]. In retinal cells, Gαt specifically mediates phototransduction [23,24]. When a single GPCR activates 
multiple Gα subtypes, its preferential coupling to specific G proteins forms the basis of Gα subtype-biased 
signaling [25,26] (Figure 1A). Although structural studies attribute this selectivity to the conformational properties 
of the Gα C-termini [27], the mechanisms that dynamically regulate Gα subtype preference among homologous 
receptors remain incompletely understood. 

In the heart, both β1- and β2-adrenergic receptors (β1AR/β2AR) exhibit dual coupling to Gαs and Gαi, 
resulting in divergent signaling outcomes. β1AR was originally thought to signal exclusively through Gαs, which 
stimulates AC to increase cAMP. Recent evidence, however, shows that it also couples to Gαi [28–30], an 
interaction implicated in cardioprotection via cGMP pathways [31]. Meanwhile, β2AR canonically activates Gαs 
to raise cAMP in cardiomyocytes, but it also recruits Gαi. This Gαi coupling not only inhibits AC and 
counterbalances Gαs signaling [32], but also activates additional effectors such as mitogen-activated protein 
kinase/extracellular signal-regulated kinase (MAPK/ERK) or phosphatidylinositol 3′-kinase (PI3K) [33]. The two 
pathways also display distinct temporal profiles: Gαs-mediated cAMP responses are typically rapid and transient, 
while Gαi-dependent MAPK activation develops more slowly but is sustained [34]. This Gαi coupling is a less 
direct process [35] due to requirements for receptor phosphorylation [36] and β-arrestin recruitment [37] prior to 
G protein binding. Notably, β2AR’s preference for Gα subtypes may be influenced by local plasma membrane 
charge [38], which is modulated by phospholipids and ions such as Ca2⁺. 

Beyond βARs, the muscarinic acetylcholine receptor type 3 (M3R) exemplifies another GPCR capable of 
engaging multiple Gα proteins [39]. Historically, M3R was known to couple to the Gαq signaling pathway to 
regulate vascular tone, bronchoconstriction, and insulin secretion [39]; recent ligand-binding and GTP turnover 
assays have demonstrated that it can also couple productively to Gαi and Gαs [40]. This dual coupling activates 
canonical second messenger cascades—including cAMP and inositol trisphosphate (IP₃) signaling—establishing 
broader G protein promiscuity than previously recognized and expanding M3R’s complex regulatory network. 

4. Spatial Bias in GPCRs Signaling: Mechanisms and Therapeutic Potential 

Traditionally, GPCR signaling was thought to operate mostly at the plasma membrane. But we now know 
GPCRs act in many subcellular compartments—including the endosomes [41], mitochondria [42], endoplasmic 
reticulum [43], Golgi apparatus [44], and nuclear envelope [45] (Figure 1B). Finding these intracellular GPCRs 
has opened up a new way to understand how GPCR signaling actually works [46,47]. The activation of 
compartmentalized GPCRs generates spatially segregated signaling microdomains [45,48], enabling cells to elicit 
divergent physiological responses. These specialized spots fine-tune cell functions in two ways: they recruit unique 
effector molecules, or they activate common ones but with different timing. This spatial control is exactly why 
they’re such promising targets for precisely tweaking GPCR signaling. 
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4.1. Plasma Membrane (PM) 

Plasma membrane (PM) microdomains create tiny, localized signaling hubs where cAMP levels are naturally 
higher than in the bulk cytosol [49]. This sharp cAMP gradient even lets low-dose agonists preferentially activate 
PKA that’s stuck to the membrane [50]. The limited diffusion of cAMP into the cytosol, resulting from saturation 
of cytosolic buffering proteins [51], further reinforces these compartmentalized signaling gradients [52,53]. In 
previous work, we showed that GRK- and PKA-mediated phosphorylation dynamically shifts β2AR populations 
between the PM and endosomes [54]. Interestingly, hydrophobic ligands such as carvedilol and alprenolol induce 
the formation of distinct, non-phosphorylated β2AR clusters. These clusters selectively amp up Gαs signaling, 
resulting in the assembly of cAMP/PKA nanodomains that phosphorylate L-type calcium channels with pinpoint 
spatiotemporal accuracy [55]. This nanoscale organization thus enables precise functional specification even 
among seemingly homogeneous receptor populations. 

4.2. Endosomes 

Endosomes represent a major signaling platform that extends GPCR activity beyond the plasma membrane. 
Numerous GPCRs continue to activate G proteins from endosomal compartments, producing signaling responses 
that differ temporally and spatially from those initiated at the plasma membrane [56]. A well-studied example is 
the parathyroid hormone receptor (PTHR), which signals from both locales [57]. When activated at the plasma 
membrane, PTHR elicits transient cAMP pulses that mediate acute metabolic regulation. In contrast, endosomal 
PTHR generates sustained cAMP waves that ultimately govern transcriptional programs [58,59]. 

Similarly, studies employing conformation-specific nanobodies demonstrated that the β2AR activates Gαs 
not only at the plasma membrane but also subsequently from early endosomes, generating two distinct phases of 
cAMP production [41]. This endosomal cAMP pool was revealed to be essential for cAMP-dependent 
transcription, underscoring that the location of cAMP production directly determines functional outcomes [60]. 
Interestingly, research on receptors such as vasoactive intestinal peptide receptor 1 (VIPR1) and V2R has 
demonstrated that some GPCRs can internalize and activate Gαs in endosomes independently of β-arrestin and β-
arrestin plays a key role in sculpting the spatiotemporal profile of cellular GPCR–G protein signaling through 
location-specific remodeling of GPCR-β-arrestin complexes [61,62]. 

The physiological relevance of endosomal GPCR signaling is underscored by its critical roles in processes 
such as calcium homeostasis and pain perception. This has prompted the exploration of therapeutic strategies that 
precisely target the endosomal GPCR pool, including the design of pH-sensitive nanoparticles and cholestanol-
conjugated ligands, to achieve spatially biased therapeutic effects [56]. 

4.3. Sarcoplasmic Reticulum (SR) 

Cardiomyocytes have a specialized compartment—the sarcoplasmic reticulum (SR)—that acts as a command 
center for localized cAMP signaling, a linchpin of heart function [63–66]. These precise signals stem from a unique 
pool of β1ARs nestled on the SR membrane, which generate tight, localized cAMP bursts to fine-tune excitation-
contraction coupling—whether the heart is healthy or failing [67]. The pathway operates through a dedicated 
substrate cycle: norepinephrine (NE) enters the cardiomyocyte via the organic cation transporter 3 (OCT3) [68] to 
activate these SR-localized β1Ars [65]. This activation produces a localized cAMP domain that modulates the 
activity of the SR calcium pump (SERCA) through PKA-dependent phosphorylation [64]. Monoamine oxidase A 
(MAOA) keeps this signaling in check: it breaks down cytosolic NE [66]. In heart failure, MAOA gets 
overexpressed—dimming the SR-β1AR signal and sapping the heart’s contractile strength. But inhibiting MAOA 
enhances cardiomyocyte contractility and restores systolic function, underscoring the therapeutic potential of 
modulating this specific axis [67]. In the context of heart failure, MAOA upregulation leads to diminished SR-
β1AR signaling and impaired contractility. Conversely, inhibiting MAOA enhances cardiomyocyte contractility 
and restores systolic function, underscoring the therapeutic potential of modulating this specific axis [65]. 
Together, OCT3 and MAOA constitute an upstream regulatory unit that governs the spatial specificity and 
functional output of SR-β1AR signaling. 

4.4. Golgi Apparatus 

The functional segregation of cAMP signaling between the Golgi apparatus and plasma membrane represents 
a critical regulatory mechanism in cardiac physiology [69]. This spatial specificity is dictated by ligand-specific 
trafficking, wherein the human β1AR can initiate non-canonical Gαs signaling from pre-existing Golgi pools, a 
process controlled by the physicochemical properties of the ligand [44]. Functionally, Golgi-generated cAMP 
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selectively phosphorylates phospholamban (PLB) to accelerate cardiac relaxation, whereas PM-derived cAMP 
primarily enhances contractility through ryanodine receptor (RyR2) phosphorylation [70]. Compartmental access 
of ligands follows a defined lipophilicity hierarchy: adrenaline requires OCT3-dependent transport to activate the 
Golgi-PLB pathway, whereas highly lipophilic agonists such as dobutamine diffuse directly across membranes to 
engage Golgi-resident β1ARs. This principle extends to clinically relevant β-blockers: hydrophobic antagonists 
including metoprolol inhibit β1AR signaling at both PM and Golgi membranes, whereas hydrophilic agents like 
sotalol selectively block PM-localized signaling without affecting the Golgi pool [44]. Thus, lipophilicity-
dependent ligand delivery governs signaling specificity by determining the subcellular site of receptor activation. 
This mechanism establishes a molecular basis for targeting compartment-specific cAMP pathways, offering a 
rationale for developing precision therapies for diastolic dysfunction. 

5. PTM-Based Biased Signaling in GPCRs 

Post-translational modifications (PTMs) such as phosphorylation, ubiquitination, and glycosylation serve as 
critical regulators of GPCR function [71] (Figure 1C). Post-translational modifications (PTMs) such as 
phosphorylation, ubiquitination, and glycosylation serve as critical regulators of GPCR function [72]. A prime 
example is found in the regulation of the β-adrenergic receptors (βARs). Phosphorylation of specific C-terminal 
residues (S355/S356) by GRK2 enhances β-arrestin binding, which in turn robustly promotes clathrin-mediated 
endocytosis [73]; conversely, impaired GRK2-mediated phosphorylation prevents internalization [74]. In contrast, 
PKA phosphorylates distinct sites on the third intracellular loop (S261/S262) and C-terminus (S345/S346), 
promoting receptor dimerization and plasma membrane retention [54,75]. This site-specific phosphorylation 
creates a spatial “barcode” wherein the pattern of modification, rather than its overall level, dictates β-arrestin 
recruitment [76]. Our recent work demonstrated that these distinct PTMs segregate β2AR into two spatially 
separate populations within a single cell: GRK-phosphorylated monomers undergo internalization, while PKA-
phosphorylated dimers remain membrane-bound [54]. This PTM-specific partitioning represents a novel 
mechanism for functional bias. 

Genetic variation in the human β1AR profoundly influence its post-translational regulation and downstream 
signaling [69]. Two common single-nucleotide polymorphisms (SNPs) highlight this: the S49G substitution in the 
extracellular N-terminus and the R389G substitution in the intracellular C-terminus [77]. These variants confer 
distinct functional properties: the C-terminal R389 variant exhibits increased norepinephrine-induced 
phosphorylation, leading to enhanced adenylyl cyclase (AC) activation, cAMP production, and β-arrestin 
recruitment compared to the G389 variant [78]. At the N-terminus, the G49 variant shows higher basal and agonist-
stimulated AC activity than the S49 variant, with altered desensitization kinetics [79]. This functional divergence 
appears driven by O-linked glycosylation, which preferentially modifies the extracellular domain of the G49 
variant and helps define its unique PTM signature [80]. Intriguingly, the S49 variant promotes increased 
isoproterenol-mediated β-arrestin recruitment, an effect that may functionally compensate for the signaling 
intensity associated with the C-terminal R389G polymorphism [81]. 

6. Receptor Oligomerization-Dependent Signaling Bias 

Many GPCRs exist as monomers or homo-/hetero-oligomers—a structural flexibility that dictates which 
distinct signaling pathways they activate (Figure 1D). Oligomerization induces specific conformational 
rearrangements that tweak receptor trafficking and effector coupling, allowing a single receptor type to trigger 
divergent cellular responses even when bound to the same ligand. This oligomerization-dependent signaling bias 
is now regarded as a core mechanism shaping GPCR functional diversity. 

Class C GPCRs canonically require dimerization for function. For example, metabotropic glutamate (mGlu) 
receptors activate G proteins (Gαq, Gα11, or Gαi/o) only as homodimers, via rearrangements in their 
transmembrane domains, whereas their monomeric forms are inactive [82,83]. Similarly, the GABAB receptor 
mandates heterodimerization between the GABAB1 (ligand-binding) and GABAB2 (G protein-coupling) subunits 
to enable Gαi-mediated signaling [82,83]. 

Although Class A GPCRs were once thought to act as lone monomers, growing evidence reveals that homo- 
and heterodimerization reshapes their pharmacological behavior in profound ways. For instance, the platelet-
activating factor receptor (PAFR) dimerizes via TM 1 and TM 4/5. Chemically stabilizing this interface enhances 
Gαq signaling while attenuating β-arrestin recruitment and receptor internalization [84]. A natural genetic variant, 
PAFR E178K, promotes dimer formation and similarly augments Gαq efficacy while reducing internalization [84]. 

Heterodimerization adds another layer of complexity, creating hybrid receptors with new pathway biases and 
functional cross-talk. A clear illustration is provided by the 5-hydroxytryptamine 2A receptor (5-HT2A), which 
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primarily activates Gαq/11-phospholipase C (PLC)-calcium pathways as a monomer. Upon heterodimerization 
with mGluR2, however, its signaling output shifts towards Gαi/o pathways, enabling dual Gαq/11 and Gαi/o 
activation [85]. This paradigm holds significant physiological and pathological relevance. For instance, PAFR 
oligomerization contributes to inflammatory pathologies [86,87], and 5-HT2AR-mGluR2 heterodimers are linked 
to psychotic disorders [88,89]. Similarly, β2AR-5-HT2BR heterodimers shift signaling from Gαs to Gαi, a 
mechanism associated with cardioprotective effects [90]. Conversely, heterodimerization between the apelin 
receptor (APJ) and bradykinin B1R suppresses Gαi signaling while enhancing Gαq activation [91]. The functional 
impact can also extend to signaling kinetics. While μ-opioid receptor (μOR) homodimers mediate only transient, 
β-arrestin-dependent ERK1/2 phosphorylation, the μOR-δOR heterodimer sustains this phosphorylation [92]. 
Furthermore, CXCR4-CXCR7 heterodimerization reduces canonical CXCR4-mediated Gαi signaling, while 
simultaneously potentiating β-arrestin-mediated activation of the ERK1/2 and MAPK cascades [93]. These 
collective findings establish GPCR heterodimerization as a fundamental mechanism for generating signaling 
diversity and bias. 

7. Biased Therapeutics in Cardiovascular and Neural Systems 

While the conceptual framework for GPCR biased signaling has expanded to include novel mechanisms 
beyond the classical G protein/β-arrestin paradigm, translational drug development remains overwhelmingly 
focused on β-arrestin-biased ligands. This focus is largely driven by the pathway’s currently superior translational 
validation, which has, however, overshadowed the therapeutic potential of other emerging modes of bias. 

7.1. β-Adrenergic Receptors (βARs) 

βARs are critical regulators of cardiac contractility and heart rate. The three subtypes (β1, β2, and β3) are 
differentially expressed, with β1AR and β2AR being the predominant isoforms in the heart. Although acute βAR 
stimulation is a powerful mechanism for increasing cardiac output during ‘fight-or-flight’ responses, chronic β1AR 
activation promotes cardiomyocyte hypertrophy and apoptosis [94–96] and is a hallmark of heart failure 
development and progression [97,98]. Consequently, β-blockers (particularly β1-selective antagonists) are 
mainstays in the clinical management of cardiovascular diseases, including hypertension [99], arrhythmias [100], 
and chronic heart failure [101]. Among these agents, carvedilol was long thought to act as a β-arrestin-biased 
agonist at the β1AR [31], a property once believed to underlie its superior clinical efficacy compared to neutral 
antagonists [102]. However, recent studies have revealed that carvedilol instead selectively enhances a β1AR-
mediated cGMP signal via a Gαi-NOS axis [103]. In contrast to the cardiotoxic effects of chronic β1AR activation, 
β2AR signaling is generally cardioprotective, activating anti-apoptotic and anti-necrotic pathways [20,104,105]. 
Carvedilol thus exhibits a fundamental mechanistic divergence between β1AR and β2AR signaling. At β2AR, its 
cardioprotective effects depend exclusively on the Gαs/cAMP pathway [106,107]. At the β1AR, by contrast, it 
concurrently antagonizes cardiotoxic Gαs signaling [108] and activates the protective Gαi-eNOS-cGMP axis 
[103]. Furthermore, fenoterol has been identified as a Gαs-biased agonist of β2ARs and has been shown to restore 
myocardial contractility [109,110]. 

7.2. Angiotensin II Type 1 Receptor (AT1R) 

AT1R is widely expressed within the cardiovascular system and is a critical regulator of cardiac 
pathophysiology. Pathological AT1R activation promotes myocardial hypertrophy and fibrosis [111], establishing 
it as a common target for blockers used to treat cardiovascular diseases [112]. As AT1R signals through both Gαq 
and β-arrestin pathways, it represents a pivotal system for studying signaling bias. For instance, a single amino 
acid mutation in angiotensin II itself can induce robust β-arrestin-biased signaling at AT1R [113]. This mutated 
Ang II (SII) binds to AT1R, recruits β-arrestin, and promotes receptor internalization without activating G protein 
coupling [114,115]. By leveraging this principle, several β-arrestin-biased AT1R antagonists (e.g., TRV120023, 
TRV120026, TRV120027) have been developed, showing promising efficacy in preclinical models [116–118]. 

7.3. Adenosine A1 Receptor (A1AR) 

The adenosine A1 receptor (A1AR) is ubiquitously expressed in cardiomyocytes and vascular smooth muscle 
cells. Upon activation, A1ARs initiate Gαi-mediated signaling, which confers robust cardio protection against 
ischemia-reperfusion injury [119]. However, traditional unbiased agonists such as N6-cyclohexyladenosine 
simultaneously activate detrimental Ca2⁺ influx pathways, leading to clinically limiting bradycardia and 
hypotension. To overcome these limitations, the biased agonist VCP746 was developed to selectively activate the 
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beneficial Gαi/cAMP pathway while sparing Ca2⁺-related adverse effects [120]. In preclinical validation, VCP746 
effectively protected rat cardiomyocytes from ischemic injury without affecting atrial heart rate [121]. This biased 
profile was further explored with the orally active agonist neladenoson, which was specifically designed to avoid 
Ca2⁺ and MAPK pathway activation. While neladenoson worked to prevent bradycardia in healthy volunteers, it 
ultimately flopped in a Phase II trial for chronic heart failure. This clinical miss highlights the ongoing challenge 
of optimizing pathway selectivity for effective chronic disease management [122,123]. 

7.4. The Apelin Receptor (APJ) 

The apelin receptor (APJ), activated by its endogenous peptide apelin, serves as a central hub in maintaining 
cardiovascular homeostasis and represents a promising therapeutic target for cardiovascular diseases [124]. APJ 
signaling operates via two principal pathways—G protein axis and β-arrestin axis—that mediate distinct functional 
outcomes. The endogenous ligand apelin-13 engages both Gαi and β-arrestin arms: Gαi signaling confers 
cardioprotection by boosting eNOS activity and suppressing myocardial apoptosis, whereas β-arrestin activation 
drives pathological myocardial hypertrophy via the ERK1/2 cascade. These opposing effects have hampered the 
translational potential of unbiased APJ agonists. To uncouple beneficial signaling from deleterious effects, several 
Gαi-biased APJ agonists have been rationally designed. An early example, MM07, demonstrated enhancing 
cardiac output more effectively than apelin-13 [125] and induced twice the magnitude of forearm blood flow 
dilation in human volunteers. Subsequent efforts yielded Bpa91, a Gαi-biased analog engineered by substituting 
the C-terminal phenylalanine of apelin-13 with p-benzoyl-l-phenylalanine [126]. More recently, structural studies 
pinpointed “twin hotspots” within APJ as critical determinants of signaling bias. Building on this insight, the 
structure-guided design led to WN561—a highly selective G protein–biased agonist that exhibits superior anti-
hypertrophic efficacy and a refined safety profile compared to conventional APJ agonists [127]. 

7.5. Opioid Receptors 

Opioid receptors (μOR, κOR, δOR) are GPCRs that transduce the effects of opioids, playing critical roles in 
pain, reward, and addiction [128,129]. While classic opioids like morphine exert analgesia primarily through μOR-
mediated G protein signaling, many severe side effects (e.g., respiratory depression, addiction) stem from μOR-β-
arrestin pathways [129–131]. This understanding has driven the development of G protein-biased μOR ligands, 
such as PZM21 [132] and SR-17018 [133], that offer effective analgesia in animal models and significantly 
mitigate adverse effects like respiratory depression and tolerance. For κOR agonists, which avoid respiratory 
depression but can cause dysphoria and sedation, studies reveal that β-arrestin2 signaling underlies these dysphoric 
effects [134]. Thus, developing G protein-biased ligands that reduce β-arrestin engagement represents a promising 
strategy for advancing safer opioid therapeutics. 

7.6. Dopamine Receptors (DRs) 

DRs, highly expressed in the brain, fall into two families: D1-like (D1, D5) and D2-like (D2, D3, D4) [135]. 
The D2 receptor (D2R) serves as a key model for developing precise neuropsychiatric therapeutics. For instance, 
β-arrestin-biased D2R ligands like UNC9975 and UNC9994 selectively engage β-arrestin over G protein 
pathways, ameliorating schizophrenia-like behaviors in animals with fewer side effects than conventional 
antipsychotics [136], highlighting the therapeutic potential of D2R bias. Conversely, bias at the D1 receptor (D1R) 
involves differential activation of the highly homologous Gαs and Gαolf proteins. Ligands such as dihydrexidine 
(DHX) act as full agonists for Gαs but partial agonists for Gαolf. Structural studies reveal that a salt bridge between 
Gαs Arg38 and D1R Glu132, which is disrupted in Gαolf, underlies this bias [137]. Furthermore, the regional 
expression of Gαs (predominantly in the cortex) versus Gαolf (enriched in the striatum) confers brain region-
specific activity to D1R ligands, adding a critical layer of functional selectivity. 

7.7. 5-Hydroxytryptamine 2A Receptor (5-HT2AR) 

The 5-HT2A receptor, a primary target of lysergic acid diethylamide (LSD) and related psychedelics, has 
emerged as a promising platform for disentangling biased signaling to separate antidepressant efficacy from 
hallucinogenic risk. Serotonin (5-hydroxytryptamine, 5-HT) is an evolutionarily conserved monoamine 
neurotransmitter that regulates key CNS functions, including mood, cognition, and pain perception. Activation of 
5-HT2AR engages both Gαq signaling—associated with psychedelic effects—and β-arrestin pathways [138], 
disentangling which contribute to its antidepressant-like properties. 
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Structural studies of 5-HT2AR bound to serotonin, LSD, and the non-hallucinogenic agonist lisuride have 
identified specific ligand-receptor interactions that enhance β-arrestin recruitment. These insights have enabled 
the rational design of β-arrestin-biased agonists that elicit antidepressant effects in animal models without inducing 
hallucinations [139]. Further supporting this dissociation, a drug’s capacity to activate 5-HT2AR–Gαq signaling 
predicts its psychedelic potential, where a defined threshold of Gαq activation is required to elicit hallucinogenic 
effects. This mechanistic understanding explains why partial agonists such as lisuride, which do not reach this 
activation threshold at standard doses, lack hallucinogenic properties [140]. 

8. Conclusions and Perspectives 

Understanding GPCR biased signaling is fundamental to explaining cellular complexity and creating novel 
precision therapeutics [141]. Evidence now reveals a dynamic and multi-faceted system where receptor activity is 
precisely tuned through distinct biased mechanisms—from β-arrestin recruitment and Gα subtype selectivity to 
subcellular localization and post-translational modifications [142,143]. Together, these mechanisms afford cells 
precise spatiotemporal control over GPCR signaling. 

Leveraging this signaling bias for therapeutic benefit holds significant promise in developing safer, more 
effective treatments. But translating this potential into clinical reality remains tough—biased signaling’s journey 
from bench to bedside is still in its early days. Tackling this hurdle demands cutting-edge tools: FRET biosensors, 
nanobodies, super-resolution microscopy, and AI (e.g., AlphaFold)—all poised to probe bias at the molecular 
level. Meanwhile, grounding biased signaling in the pathological context of human disease is key to designing 
clinical interventions that hit the mark. 

To summarize, the field of GPCR biased signaling is shifting from characterizing phenomenological drug-
receptor interactions to achieving targeted pathway modulation. The ultimate goal is to selectively modulate GPCRs: 
activating the right signal, in the right cellular compartment, at the right time. Attaining this goal will undoubtedly 
transform therapeutic approaches for a broad spectrum of neurological, cardiovascular, and other diseases. 
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